Organic xerogels were functionalized by incorporating sugarcane bagasse lignin from soda pulping black liquor, not used so far in this materials, with the aim of introducing new functional groups on traditional gels that could improve its adsorptive capacity. Two mixing designs were applied to identify the reactive combinations that allow a well gel formation and to adjust models that predict physical properties. The designs study five components: resorcinol ( , 0.04-0.3), lignin ( , 0.004-0.14), formaldehyde ( , 0.08-0.17), water ( , 0.45-0.8), and NaOH ( , 0.0003-0.0035). The first experimental design was an extreme vertices design and its results showed shrinkage between 4.3 and 59.7 and a bulk density from 0.54 to 1.3; a mass ratio / near 1.5 was required for gel formation. In the second design a D-Optimal was used to achieve better adjusted coefficients and incorporate the largest possible amount of lignin in the gels. Bulk density varies from 0.42 to 0.9, shrinkage varies from 3.42 to 25.35, and specific surface area reaches values of 451.86 m 2 /g with 13% lignin and 270 m 2 /g with 27% lignin. High catalyst content improves lignin dissolution and increase shrinkage and bulk density of xerogels and bulk density. Lignin contributes to reducing shrinkage and specific surface area due to his compact and rigid structure.
Introduction
The first organic gel was obtained by Pekala in a solgel polymerization of resorcinol and formaldehyde under alkaline conditions and supercritical drying [1] ; this was called aerogel. If the method of drying the gel is at subcritical conditions, the the gel is called xerogel; under freezing conditions, is called cryogel. The organic gels are suitable for several applications like catalysis, insulation, supercapacitors, and hydrogen storage, due to their properties like high surface area, controlled porous structure, low bulk density, and high electric conductivity [2] [3] [4] . Organic gel production costs are high; therefore new process and raw materials have been studied to obtain a product commercially attractive [5] . Besides resorcinol, other phenolic compounds have been used: phenol [6, 7] , tannins [8, 9] , 2,4-dihydroxybenzoic acid [10] , pyrocatechol [11] , technical lignin [12] [13] [14] [15] [16] , and so forth. Furfural also has been used as crosslink [17, 18] .
After cellulose, lignin is the second most abundant biopolymer, is a low cost material, and has a phenolic nature [19] . Lignin is an excellent precursor of activated carbon and bioadsorbent, due to their high molecular weight polymer complex structure and the presence of high electron density functional groups such as carboxylics, carbonyls, hydroxyls and ketones [20] [21] [22] [23] . Lignin has already been used in the manufacture of lignin-phenol-formaldehyde resins and adhesives [24, 25] , so it can be used as a cheap raw material to prepare organic and carbon gels [12, 13, 16] .
A catalyst is used to adjust the pH of the solution in the organic gel reaction. Several reagents have been used as catalyst, sodium or potassium carbonates [26, 27] , acetic acid [28] , nitric acid [29] , oxalic acid or paratoluenesulfonic acid [27] , sodium hydroxide [13, 15, 30] , and so forth. / ratio is used as controlling parameter because pH changes continuously throughout the reaction [31] . Sodium hydroxide 2 International Journal of Polymer Science was used like catalyst in traditional gels and NaOH solution dissolves lignin [32] .
Mixture design has not been applied in organic gels. Zanto et al. [33] used a full factorial design for studying interactions between pH, weight percent of solids, and pyrolysis temperature and their effects on carbon gels surface area, pore volume, and electrochemical double-layer capacitance. Mixture design is a statistics tool for modeling blends, where the variables are the components proportions. The proportions must always sum to 1, and thus the last component amount is dictated by the sum of all the others. The measured response is assumed to depend only on components amount. Mixture models allow interpolation to determine the mixture that will produce a desired maximum or minimum response [34] .
In this work models that predict the physical properties of lignin based organic xerogels are presented, identifying the reactive combinations that permit a maximum lignin incorporation with a good xerogel properties. This kind of lignin has not been used previously in organic xerogel formation, so the chemistry and limits for its employ are unknown. Models for properties of xerogels have not been proposed, although some systematic studies have been carried out in organic xerogels without lignin [35] , tannin carbon xerogels [36] , and carbon xerogels [37] .
Experimental
2.1. Materials. Soda lignin was precipitated from sugar cane bagasse soda pulping black liquor by acidification with sulfuric acid at 98% until the pH of the resultant solution was close to 2. The precipitate was washed with water until the pH of the rinse was close to 6. Lignin was dried in an oven at 60 ∘ C for 24 h, and a dark-brown powder was recovered.
Organic gels were synthesized from Resorcinol 99% (Panreac, research grade) and Formaldehyde 37% w/v stabilized with methanol (Panreac, research grade), solid NaOH (Merck, research grade), and deionized water.
Xerogels Preparation.
The gels were prepared according to the method established by Pekala [1] ; five components (lignin, resorcinol, formaldehyde, water, and NaOH) were mixed in a magnetic stirrer at room temperature and then transferred into a glass vial (10 mL). The vial was sealed and then was put into a water bath (85 ∘ C) to polymerize for five days. The gels were retired from the vial and were cut into cylindrical pieces and immersed in pure ethanol during three days; the solvent was replaced every day. Drying was carried out at 40 ∘ C for 48 h. The study of the effect of lignin addition on xerogels was conducted in two stages; first step was an extreme vertices mixing design (EV), which will study the effects of the five components in twenty runs. Fraction levels are listed in Table 1 and were based on previous papers that evaluated lignin addition on aerogels and cryogels [12, 13, 15] . The matrix design is shown in Table 2 , along with pH, bulk density, and shrinkage results.
A second mixing design was performed, based on those previous results, to obtain more information in the region 
Lignin and Xerogels Functional
Groups. Lignin and some xerogels were analyzed by Total Attenuated Reflectance (ATR). All spectra were constructed at the region from 4000 to 400 cm −1 with a resolution of 4 cm −1 and 64 scans. For ATR was used a FTIR spectrometer (Nicolet 6700) equipped with an ATR crystal in type IIA diamond mounted on tungsten carbide. Diamond ATR has a sampling area of approximately 0.5 mm 2 , which applies a constant pressure to each sample.
Solubility Test.
It was performed to some xerogels with lignin and one without lignin. 25 mL of a pH 12 solution was added to 0.1 g of sample (dry basis). The mixture was shaken for 24 h at 22 ∘ C. Then it was filtered and the lignin concentration in the liquid was measured with a UV-1800 spectrometer (Shimadzu) at 280 nm where maximum is observed. Lignin concentration was calculated based on a calibration curve established with a series of lignin solution with differing concentrations.
Scanning Electron Microscopy (SEM)
. Some samples were observed in a microscope SEM-EDX Hitachi S-3400 N to compare their morphology. It was performed at low voltage, especial mode of operation for nonconducting materials.
Xerogels Density, Porosity and Pore Texture. Bulk density, (g/cm
3 ), was estimated by direct measures of monolith weight and volume. Skeletal density, (g/cm 3 ), was measured with a helium pycnometry (Accupyc II 1340 Micromeritics, USA). Radial shrinkage, Rs (%), was determined measuring the monolith diameter before and after drying and the overall porosity, (%), was calculated from skeletal and bulk densities as = 1 − / .
Specific surface area, BET , was determined by the BET method [39] , using a gas sorption system (Quantachrome Instruments, USA) after outgassing samples overnight under high vacuum. The mesopore volume, meso BJH (cm 3 /g), was calculated from Barrett-Joyner-Halenda (BJH) equation applied to the isotherm desorption branch [40] ; and total pore volume, 0.95 (cm 3 /g), was the volume of liquid nitrogen adsorbed at a relative pressure / 0 = 0.95 [41] . Figure 1 shows lignin molecular weight distribution. Two peaks are observed: one near 4000 g/mol and another smaller in 27000 g/mol; it is similar to molecular weight distribution of wheat straw lignin [42] . Lignin has a weight average molecular weight (Mw) of 6492 g/mol and a number average molecular weight (Mn) of 3191.44 g/mol; Mw obtained is higher than lignin-carbohydrate complexes Mw that have values between 600 g/mol and 1500 g/mol. Common nonwood lignins have Mw between 1100 g/mol and 2100 g/mol and analytical lignins have Mw from 7700 g/mol to 8500 g/mol [19] . The intermediary value found in this work is due to the fact that lignin was precipitated from black liquor of soda pulping, where it was subjected to degradation reactions [19] ; also it has a high amount of precipitated xylans fractions, which have a low molecular weight [43] . Dispersity index (Mw/Mn) is 2.03 and is similar with the values reported for lignins from agricultural waste [44] .
Results and Discussions

Lignin Molecular Weight.
Extreme Vertices Mixing Design for Xerogels Formulation.
Design results are shown in Table 2 ; in most cases there was gel formation, except for assays 3 and 7, corresponding to minimum / and minimum catalyst mass fraction. For assays 2, 10, 12, 15, and 19, although gel formation occurred, they cracked into small pieces because of the capillary forces during convective drying [45] ; unfortunately for these xerogels, bulk density measure was not possible but in some of them were feasible to measure their shrinkage. Due to the few measurable bulk densities, it was not possible to adjust a model from this mixture design experiment. Table 3 presents the ANOVA for radial shrinkage. Quadratic model was adjusted with high value of 2 = 98.95 and value < 0.05. Statistical data indicates that the regression models are adequate in predicting the xerogel shrinkage.
The model for shrinkage was (pseudocomponents mass fraction) as follows: zones are clearly differentiable and the model obtained from the statistical analysis shows a strong interaction between the different components. Higher lignin addition decreases xerogels shrinkage. There is a strong influence of the catalyst fraction on xerogels properties. The initial pH was found between 4.32 and 8.65 (Table 2 ) and xerogels with lower shrinkage and bulk density result when a mass ratio / was between 660 and 1100 (molar ratio 240-1100).
Better xerogels formulations occur when the mass ratio / is between 1.4 and 1.66, which corresponds to the stoichiometric molar ratio ( / around 0.5) and with 50% solid or more, regardless of the amount of added lignin. Lignin has less reactive sites per molecule than resorcinol [43, 46] ; that is a reason for keeping the stoichiometric molar ratio / around 0.5.
Water effect according to the model is directly proportional to the shrinkage. Three new experiments were made to verify the water effect in the xerogels (Table 4) , in these experiments, water mass fractions of 0.6, 0.65 and 0.7 were tested using the next reagents mass ratio: / = 2.7, / = 122 and / = 1.5. It was observed that increasing water content in 16%, shrinkage is increased around 360% and lower xerogels bulk densities are obtained.
Second mixing design was proposed to study the lignin, water, and catalyst effect on xerogels physical properties in detail. In the new design, resorcinol and formaldehyde mass fractions were fixed in 0.23 and 0.17, respectively, to establish a / ratio between 1.54 and 2.18 in order to ensure xerogels formation and dimensional stability.
D-Optimal Design.
In this D-Optimal design the effect of lignin, water, and NaOH on xerogels physical properties in 16 runs with four central points was studied. Table 5 listed the matrix experiment with physical results. Table 6 shows the ANOVA for D-Optimal design. The value for each model is less than 0.05 displaying a statistically significant relationship between properties and components with a confidence level of 95.0%. The best model for all variables was the cubic, except for radial shrinkage where it was especial cubic. They have the highest statistics 2 and values <0.05. In these models second-order interactions are included and reflected the complex interactions between the components in xerogels synthesis, even more when they are made with biomolecules [47] . The adjusted models for response variables were (pseudocomponents mass fraction) as follows: BET [30] proposed that when pH increases from 5.45 to 7.35 xerogels turn from micro/macroporous material to microporous material and pass through a maximum, 510 m 2 /g, when pH is equal to 6.50. In this work, better BET development takes place when pH goes from 5.91 to 6.88 (Figure 3) . A direct correlation is observed between mass fraction and pH; however the lignin addition produces a reduction on initial pH (Figure 4 ) due to hydroxyl and carboxyl groups present in its structure [52] . Figure 5 shows the surface plot for BET with and in pseudocomponents. Maximum values for BET occurred when NaOH pseudocomponent is around 0.027 to any lignin fraction and correspond to / mass ratios values between 74 and 105; these values are related to initial pH value between 5.91 and 7.19.
Higher lignin content decreases BET ; its effect is greater when the catalyst is in low levels. Chen et al. [12, 13] BET results obtained in this study are similar to values reported by [15] in the cryogels and aerogels formulations with phenol and lignin; a maximum BET value was 500 m 2 /g with a phenol/lignin ratio of 1 at higher initial pH. Tannins and lignin were used for aerogel production [14] ; aerogels with higher BET , ∼475 m 2 /g, had a tannin-lignin/formaldehyde and a tannin/lignin mass ratio of 1.25 and 1.28, respectively. In general, cross-linking in lignin is poor because its molecular size does not allow a good packing for micropore and mesopore formation and mainly macropores were produced [14] . Nonwood lignins are more reactive than hard-wood lignins, but lignin used in this work has a higher molecular weight; no purifications process has been used, so its reactive sites are lower [46] and it could be a reason for a low BET in xerogels compared with other works. Linear correlation between BET and micropore volume is found; therefore all analyses that were concluded for BET there are more micropores than mesopores; this result means that a high pH mainly micropores are formed and it is in accordance with previous works [30] .
Shrinkage and Bulk Density Analysis.
Bulk density varies from 0.42 g/cm 3 to 0.9 g/cm 3 ; minimum value corresponds to the higher water mass fraction used. Radial shrinkages are between 3.42% and 25.35%. The lowest values are those with low catalyst. Bulk density and shrinkage are directly proportional as could be observed in Figures 6  and 7 . Photo presented in Figure 8 shows different sample morphologies from the D-Optimal design assays.
Shrinkage is increased at high catalyst content. When the initial solution's pH is higher than 6.5 micropores formation is promoted, so the capillary pressure during the drying process is superior and shrinkage is augmented [48, 53] . When there is a high shrinkage more micropores are formed and mesopores are reduced [15] . The small pore radius formation is associated with the reaction rates of a parallel system of reaction, addition, and condensation. At high pH, addition reaction is promoted and methylol derivatives that form small clusters are created [50] . For a high mass fraction, higher than 35%, gelation ability is increased and also the formation of pores with smaller radius [13] . Shrinkage has a strong relation with / ; small values occurred when / was higher than 100 without any relationship with lignin or water quantity. In this point pH is around five, Figure 9 .
According to Figures 6 and 7 , lignin contributes to decreasing both properties; one reason is that lignin is a hard molecule; its rigid character is conjugated with gels based on hard nodules with a lower shrinkage [14] . Lignin dissolution is lower at low catalyst levels; when lignin is not dissolved its reactivity decreases and could act as filler.
Skeletal density has an average value of 1.20 ± 0.03 g/cm 3 ; this value is the lowest for that reported for aerogels and cryogels [14, 15, 48] ; it mainly could be for differences in composition and also could be due to lignin low skeletal density, 1.27 g/cm 3 . Overall porosity was found between 0.3 and 0.65. In Figure 10 it could be observed how porosity has an inverse relationship with the amount of lignin and catalyst, opposed to the observed for the bulk density. Figure 11 shows the FTIR spectra of lignin and some of the xerogels obtained and in Table 7 the peaks present at lignin and xerogels are summarized. Lignin characteristic peaks are observed in 1510 cm −1 and 1594 cm −1 corresponding to the aromatic vibration guaiacyl and syringyl units, respectively. Also the peaks for expected functional groups are observed: a broad band from 3000 to 3500 cm −1 are hydroxyls; methylene and methyl groups The presence of C=O at 1720 cm −1 is probably due to the form of precipitation of lignin in which the contact with acid causes partial degradation of the hemicelluloses present and some lignin. Carbonyls at 1214 cm −1 come from guaiacyl units. Additionally, C-O bonds are evidenced at 1260 (from guaiacyl units), 1220, 1080, and 1034 cm −1 . Guaiacyl C-H and syringyl C-H evidence at 1140 cm −1 and at 854 cm −1 C-H out of plane vibrations of the guaiacyl units are shown [15, 43] .
FTIR Characterization.
In xerogels, the broad band of hydroxyls at 3000 to 3500 cm −1 remains, indicating that free hydroxyl groups still exist. For all xerogels obtained, a peak at 1594 cm
can be observed in all spectra, while the peak at 1510 cm and the bending vibration of -CH 2 at 1094 cm −1 reveal the three-dimensional network structure of xerogels [12] .
Additional evidence of the participation of lignin in condensation reactions during gelation is the decreasing or vanishing of methoxyl groups, primary alcohols, and the C=O bond is still observed in the spectrum in comparison with xerogels without lignin [54] . A broadening of the peaks at wavenumbers lower than 2000 cm −1 is observed from DO14 (xerogel with higher lignin content) to EV6, indicating a higher level of cross-linking per unit volume [55] . Several researches had demonstrated lignin reactivity not only with FTIR but also with Nuclear Magnetic Resonance (NMR) where orto and meta positions of lignin aromatic ring can react with resorcinol to yield polymeric products [15, 25] .
In the SEM pictures (Figure 12 ), changes in morphology among each sample are observed, exhibiting only one phase without lignin agglomerations. In sample DO9, lignin might contribute to forming large microspheres aggregates; on the other hand, in sample DO14 a surface similar to common xerogels is observed, based on roughly spherical nodules arranged in a random packing [15] . Xerogel without lignin exhibits a uniform surface, consequently from a low / ratio that contributes to forming a more compact structure.
Solubility assay results are listed in Table 8 . It would be expected that if lignin remains in xerogel matrix as filler, a pH 12 solution will solubilize all. But this is not the case; all solutions concentrations are lower than the calculated concentration obtained from the percentage of lignin in each dry xerogel. Although, xerogel without lignin has some solubility in pH 12 solutions, its contribution to the concentration is almost negligible. A linear correlation between lignin percentage and concentration also would be expected, but catalyst doses affect lignin dissolution in xerogels and its participation in reaction, so it must be taken in account.
Conclusions
Organic xerogels properties were accurately modeled with 2 superior to 94%, allowing properties prediction from components. Catalyst and water fraction have proportional influence on shrinkage; lignin, resorcinol, and formaldehyde have an inverse influence on shrinkage.
The resorcinol-formaldehyde mass ratio of 1.5 and water fraction lower than 0.55 show that with subcritical drying it is possible to produce xerogels with shrinkages lower than 5% allowing keeping shape and dimensions.
Catalyst has a strong influence in xerogels physical properties: with high catalyst proportion ( / higher than 100) lignin dissolution was improved and increased the radial shrinkage and bulk density. It was found that the best BET values, 226-451 m 2 /g, occurred with a / mass ratio from 70 to 134 that corresponds to initials pH from 5.91 to 7.19.
Lignin contributes to lowering initial pH due to its acid character and also reduces shrinkage and BET due to its compact and rigid structure. Although lignin reduces the specific surface area, the cost benefits must be evaluated. The FTIR spectra show the participation of lignin with resorcinol and formaldehyde in addition and condensation reactions, mainly due to the hydroxymethyl groups that disappear in the xerogels spectrum.
